Al-Ti-based alloys are of enormous technical relevance due to their specific properties. For studies in atomic dynamics, surface physics and industrial processing the precise knowledge of the thermophysical properties of the liquid phase is crucial. In the present work, we systematically measure mass density, q (g cm À3 ), and the surface tension, c (N m À1 ), as functions of temperature, T, and compositions of binary Al-Ti melts. Electromagnetic levitation in combination with the optical dilatometry method is used for density measurements and the oscillating drop method for surface tension measurements. It is found that, for all compositions, density and surface tension increase linearly upon decreasing temperature in the liquid phase. Within the Al-Ti system, we find the largest values for pure titanium and the smallest for pure aluminum, which amount to q( L,Ti ) = 4.12 ± 0.04 g cm À3 and c( L,Ti ) = 1.56 ± 0.02 N m À1 ; and q( L,Al ) = 2.09 ± 0.01 g cm À3 and c( L,Al ) = 0.87 ± 0.06 N m À1 , respectively. The data are analyzed concerning the temperature coefficients, q T and c T , excess molar volume, V E , excess surface tension, c E , and surface segregation of the surface active component, Al. The results are compared with thermodynamic models. Generally, it is found that Al-Ti is a highly nonideal system.
I. INTRODUCTION
A. Al-Ti THE increasing need for more sophisticated materials in various high-temperature applications can potentially be satisfied using Ti-based intermetallics. Even at elevated temperatures, c-Al-Ti alloys combine a low density with a high tensile strength. This makes them particularly interesting for applications in the automotive or aerospace industries. For instance, they can be used as turbine blades in aircraft engines or as fuselage materials.
In addition, (a + b)-TiAl may also be used in medical applications as bone implants, because of their bio-compatibility and corrosion resistance. They also exhibit comparatively low densities and, compared to conventional implants made of Co-Cr-or Fe-based alloys, a small Young modulus of approximately 110 GPa. Compared to the Young modulus of bones of approximately 25 GPa, this is still high so further optimization of the material is necessary.
Therefore, developing a profound understanding of the liquid phase is indispensable, as the vast majority of materials are directly produced from the melt by casting. [1] Among the properties relevant in this context, density and surface tension of the liquid phase are of pronounced importance.
Density is a fundamental material property. Its knowledge is crucial for casting processes and for determining surface tension from the measured raw data.
Surface tension plays a critical role for the castability of an alloy and for the mold-filling capability. The latter is often problematic in Ti-based alloys. Both properties also reveal interesting academic science as they are strongly affected by processes taking place at the atomic scale.
Despite the technical importance of density and surface tension, data on these properties of Ti-based alloys are sparse. The main reason for this is the high chemical reactivity of liquid Ti paired with a large solubility of oxygen. This renders its investigation with conventional techniques extremely difficult. Nevertheless, there are container-based methods that have been used to investigate thermophysical properties of pure Ti and binary and multicomponent Al-Ti alloys, including the pendant [2] and sessile drop method. [3] Common methods for the determination of density and surface tension are listed in Table I . The sessile drop method is applied to calculate the surface tension of a sessile drop, using the equilibrium dependence between the forces of surface tension and gravity. Additionally, density can be obtained from the drop profile by assuming axis symmetry. When dealing with extremely reactive systems, such as Al-Ti, the difficulty of this method lies in finding an adequate inert substrate material that shows negligible interactions with the sample. [2] In the case of the pendant drop, similar theoretical approaches are applied on liquid droplets, which are squeezed through a capillary. The advantage of the pendant drop method is that the contact of the sample with the capillary stays relatively short compared to the substrate contact. [3] Literature data on Ti and industrially used multicomponent alloys, such as Al 46 Ti 46 X 8 , X = Nb, Ta, and Al 6 Ti 90 V 4 , along with their density and surface tension data are published in References 1,4 through 23.
Typically, the main purpose of these investigations is the creation and completing of materials databases. However, if a detailed understanding of the system is envisaged, one must perform measurements in which the composition is systematically varied. [24] The binary system Al-Ti is a good starting point for such investigations. To understand multicomponent systems, their binary basis must first be understood. Surprisingly, even for the binary system Al-Ti, data exist only in exceptional cases, such as for Al 80 Ti 20 . [25] Therefore, the goal of the present work is to deliver systematically measured density and surface tension data on binary liquid Al-Ti alloys. Using electromagnetic levitation avoids pollution of the materials due to reactions with the container walls. Thus, the negative effects of the high chemical reactivity of the material are minimized. However, the interactions with residual gas components of the surrounding environment (gas or vacuum) can still not be excluded. In particular, the role of oxygen needs to be discussed.
Density and surface tension measurements using levitation methods have been performed by us in the past on Al-based systems and systems containing Ti, such as Cu-Ti, [26, 27] Al-Ni, [24, 28, 29] Al-Cu, [30, 31] Al-Cu-Ag, [32, 33] Al-Ag, [32, 33] Al-Fe, [24, 28, 29] Al-Au, [34, 35] Al-Si, [36, 37] and Al-Cu-Si. [38] The formalisms used for the interpretation and discussion of the measured data are described in the following.
B. Density, Molar Volume, and Thermal Expansion
Within a limited temperature interval including the liquidus point, the density q(T) of a liquid metal can be considered as a linear function of temperature, T:
In this equation, q L is the density at the liquidus temperature, T L , and q T is the constant temperature coefficient ¶q/ ¶T. The volume expansion coefficient, b ¼ V À1 ð@V=@TÞ, with V, being the molar volume of the liquid, q T can be expressed as [24] 
For a binary solution of components i (i = Al, Ti), with respective mole fractions x B i and molar masses M i , the molar volume of the solution, V ¼ q
is generally represented by [24] :
where q i is the density of the pure substance i at temperature T. V E is the excess volume, and the index ''B'' of the mole fraction marks the amount of element i in the bulk.
For V E = 0, Eq. [3] reduces to a simple linear combination of the molar volumes of the pure liquid elements, V i ¼ M i =q i , and is designated as ''ideal.'' Generally, V E depends on the temperature and the mole fraction. A simple expression of V E is given by the following Redlich-Kister-type-Ansatz [24] :
The parameters m V(T) represent the interaction between the elements Al and Ti in the alloy melt. As a first approximation, these parameters can be assumed to be linear functions of temperature with parameters
As for the density, the surface tension c(T) can be expressed as a linear function of temperature, provided that the temperature interval considered is sufficiently small:
In this equation, c L is the surface tension at the liquidus temperature, T L , and c T is the constant temperature coefficient. In order to quantitatively compare measured surface tension data with approximated model calculations by Butler, [39] the liquid surface is considered as a monolayer of atoms. The layer is regarded as an individual thermodynamic phase being in equilibrium with the bulk. If x S i is the mole fraction of element i in the surface layer, c can be calculated by solving the following set of equations known as the Butler equation [39] :
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Here, R is the universal gas constant; E G B i and E G S i denote the respective partial excess free energies of component i in the bulk and in the surface layer. A i is the partial molar surface area of pure liquid i, approximated by the following expression from the molar volumes of the pure elements V i :
In Eq. [9] , N Av is the Avogadro number, and f is a geometrical factor. The value of f depends on the structures assumed for the surface and the bulk. For liquids, the commonly used value of 1.09 has recently been regarded as too high. [40] A more reasonable value of f = 1.0 has been proposed by Kaptay [40] which is also used in the present work.
The main assumption of the Butler model is the approximation of the surface excess free energy E G S i T;
, where the factor n accounts for the reduced coordination of atoms in the surface layer. It can be approached as the ratio of the respective coordination numbers of atoms in the surface and the bulk. A constant value of 0.75 was initially suggested by Tanaka and Iida [41] as default approximation for liquids with unknown structure. Later, they adjusted this value to 0.83. [42] In this study, however, we use 0.75 in order to comply with the Chatain model that is also applied. Solving Eq. [9] yields the surface tension of the alloy and the concentration in the surface layer, x S i . The Butler model may be criticized for its restriction to consider the surface as a phase of a single monolayer, neglecting concentration gradients perpendicular to the surface. On the other hand, as shown recently, [43] this phase does not necessarily need to be a monolayer, as originally stated by Butler. A different approach is followed by the Chatain model [44, 45] taking into account a concentration gradient as multiple layers, n ¼ 1 . . . k; with different compositions, x n ð Þ i , in each layer, n. The atoms of the liquid are assumed to reside on cubic lattice sites with a coordination number, z = 12, in the bulk, and a lateral coordination number, z l = 6. The number of neighboring atoms in an adjacent atom layer is, thus, z v = 3. Interactions among atoms take place only with the nearest neighbors, where F i,j denotes a single bond energy for a bond between atoms i and j. With this parameter, the regular solution constant, x, can be defined in Reference 43 as x ¼ U Al;Ti À 0:5ðU Al;Alþ U Ti;Ti Þ. Assuming further that c i ¼ Àz v U i;i =2A, the following expression is obtained for the surface free energy of a regular solution [43] : 
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The parameters F i,i and x are related to the surface tension and the excess free energy, respectively, as follows:
The excess free energy, E G, used in Eqs. [8] and [10] is parametrized by a Redlich-Kister polynomial, as a function of concentration and temperature, with m L Al;Ti T ð Þ being temperature-dependent interaction parameters:
For a binary ideal solution, E G = 0, the following expressing is obtained for its surface tension c ideal [46] :
The deviation from the ideal surface tension, c ideal is called excess surface tension, c E as:
With this formalism, similar to one for the excess molar volume in Section I-B, c E may also be fitted analogously to a second-order Redlich-Kister polynomial, with m u (T) being temperature-dependent interaction parameters:
II. EXPERIMENTAL
Density and surface tension measurements are conducted in an electromagnetic levitation chamber described in detail in Reference 47. Typically, the alloy samples have diameters of 3 mm and masses of approximately 0.5 g. Inside the chamber the samples are positioned and melted by a spatially inhomogeneous electromagnetic field. This field is generated by a coil to which an alternating current of 100 A is applied with a frequency of approximately 250 kHz.
Processing takes place under protective inert gas mixtures of He and Ar (both having a purity of 99.9999 pct). Since, for electromagnetic levitation, positioning and heating are not generally decoupled, additional temperature control is provided by an adjustable cooling flow of inert gas, admitted to the samples via a nozzle.
The sample temperature, T, is measured using an infrared pyrometer directed to the specimen from the side. As the effective emissivity is not known in general, the pyrometer signal, T P , needs to be recalibrated with respect to the known liquidus temperature, T L , and the apparent liquidus temperature, T L,P . The apparent liquidus temperature is identified during the measurement by a kink in the pyrometer signal that appears when the melting process is completed. The recalibration is accomplished using the following relation derived from Wien's law [48] :
For metallic liquids, Eq. [17] gives a good approximation for the temperature, provided that the sample emissivity at the operating wavelength remains constant over the investigated temperature interval. [49] For the pure elements and alloys, values of T L are shown in Tables II, III , IV, and V and taken from Reference 50, using the CALPHAD approach to evaluate thermodynamic data. We have chosen the data as the used model is taking into account recent experimental data and is in close agreement with these data. [50] The phase diagram of the binary system of Al-Ti is shown in Figure 1 , respectively.
The preparation of the specific samples is performed by arc melting the corresponding amounts of Al (99.999 pct) and Ti (99.99 pct). An ultrasound bath in propanol is used for cleaning and the removal of scales.
Finally, all samples are briefly heated up to a temperature of at least T L + 100 K. This produces further purification through evaporation of volatile Al-oxides.
The large difference in the melting temperatures of Al, 933 K (660°C), and Ti, 1941 K (1668°C), presents a challenge for the processing of the liquid alloys, due to the partially intense evaporation of Al. This may cause a shift in the sample mass and its composition. These effects may limit the accuracy of both density and surface tension data. Therefore, the mass loss of each sample is evaluated after each measurement, and in the event that it exceeds 0.1 pct of the initial sample mass, the results are dismissed.
A. Density
The optical dilatometry method [30, 47, 51] is used to measure density and molar volume. This method employs lateral shadow images of the sample captured by a digital charge-coupled device camera. The images are analyzed by an edge detection algorithm that determines the radius, Rd, with respect to the drop center and the azimuthal angle u. The obtained curve, Rd(u), is averaged over 1000 frames in order to eliminate the influence of surface oscillations and is then fitted by Legendre polynomials of order £6, where the brackets h::i denote averaging:
In Eq. [18] , P i is the lth Legendre polynomial and a l is the coefficients determined by the fit. The volume is calculated as following, assuming axial symmetry [30] of the droplet in mechanical equilibrium:
Here, V P denotes the volume in pixel units. The real droplet volume, drop V, is related to the pixel volume, V P , by a scaling factor, and q with drop V = qV P . q is obtained by a calibration procedure described in Reference 28. Finally, the density is calculated with respect to the sample mass, M, by q = M/ drop V. Following this procedure, the obtained results are accurate within Dq / q £ ± 1.0 pct. [24, 30] 
B. Surface Tension
The oscillating droplet method [47] is applied to determine surface tension. In this method, spontaneously self-excited surface oscillations are observed by means of a digital complementary metal oxide semiconductor-camera directed at the sample from above. The camera has a pixel resolution of 400 9 400 and operates at a frequency of 400 Hz. A series of 2 n ¼ 4196 frames is recorded for each investigated temperature, and these are then analyzed afterward with dedicated software that determines the frequency spectra of the sample radii, R, from the image sequences. Under terrestrial conditions, i.e., in the case of a non-spherical and slightly rotating droplet, the spectrum consists of five distinguished peaks, at frequencies x m , corresponding to the surface oscillation modes, with m being a quantum number from, in this case, À2 to +2. [47] Additionally, the three translational frequencies, x X ; x Y ; and x Z ; can be identified from the motion of the droplets' centers of gravity, and thus the mean quadratic translational frequency can be calculated as
From the five surface oscillations and three translational frequencies, the surface tension, c; is determined using the sum formula of Cummings and Blackburn, [51] where g denotes the gravitational acceleration and R 0 the radius of the sample, which is assumed to be spherical:
This procedure allows the precise determination of the surface tension within a margin of Dc/c £ 5.0 pct. [24] III. RESULTS
A. Density
Measured density data are plotted in Figure 2 , vs temperature for liquid samples with Al-mole fractions x Al , ranging from 0 to 100 at. pct. Each measurement is 
Al 10 carried out over a broad temperature range, of 150 K to 500 K (À123°C to 227°C), including up to 200 K (À73°C) undercooling below the corresponding liquidus temperature. Generally, the temperature range is limited by the nucleation of the solid phase at low temperatures and by mass loss due to evaporation at sufficiently large temperatures. For all compositions, the density, q, changes linearly with temperature and with a negative slope, indicating a positive thermal volume expansion coefficient. Moreover, the density changes gradually with x B Al . Pure Al exhibits the lowest density, and Ti the largest. The density values of the alloys lie within these two extremes.
The experimentally obtained values of q(T) can be fitted by Eq. [1] with the fits shown in Figure 2 by the solid lines. The obtained values of q L and q T , as well as the volume expansion coefficient, b, calculated from this data via Eq. [2] , are listed along with in Tables II, III , and VI along with the corresponding liquidus temperatures. Accordingly, Table II contains the results for the  pure elements and Table III g cm À3 K À1 and, hence, within a relative margin of 35 pct. Generally, it is observed for our measurements that the deviations in q T are in the range of up to 50 pct, as its precise determination is sensitive to the accuracy of the data points, determined at the margins of the temperature intervals. These are, however, the points that are most exposed to the impact of potential sources of error, such as evaporation at high temperatures, or possible oxide formation, for example, at low temperatures. Table VI contains data for q L and q T , and their mean values selected from literature. [4, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] 52] In the case of pure Ti, mean values of 4.17 (±0.07) g cm À3 , for q L, and À4.18 9 10 À4 (±3.02 9 10 À4 ) g cm À3 K À1 , for q T, can be found. Thus, the data presented in the present work are in good agreement with the literature and lie within the error for the mean value of pure Ti. Accordingly, for pure Al, the mean value of the temperature coefficient of the present work, À2.85(±1.24) 9 10 À4 g cm À3 K À1 , agrees well with the mean temperature coefficient value of the selected literature data of À2.91(±0.5) 9 10 À4 g cm À3 K À1 . However, for the mean value of q L for pure Al, the value of the present work, 2.30 (±0.02) g cm À3 , is lower and lies beyond the errors bars of the mean value, 2.36 (±0.03) g cm À3 , given by literature, see Tables II and VI. The reason is unclear.
In Table III , the values of q L change gradually with increasing x B Al . Except for Al 40 Ti 60 , Al 60 Ti 40, and Al 90 Ti 10 , all compositions are measured more than once, and, in these cases, the observed scatter in q L and q T is in the same order of magnitude as for the pure elements. For q T , this margin is about 40 pct, which corresponds to the magnitude of the variation among the different values of q T over all compositions. Hence, [50] For the sake of clarity, details at low temperature have been omitted.
it is justified to claim that with respect to the experimental accuracy of the data, q T is basically constant with a mean value of À3.83 (±1.6) 9 10 À4 g cm À3 . The same holds for b, for which a mean value of 1.18 (±0.5) 9 10 À4 K À1 is found over all compositions. In addition to q L , q T, and b, Tables VI and VII In order to elucidate and understand how the density changes with composition, it is indicated not to discuss the mass density but rather the isothermal molar volume, V, and its composition dependence. In contrast with mass density, the molar volume is an additive quantity. Moreover, effects originating from the packing and ordering of atoms could be obscured by the mass differences between the pure elements, Al and Ti, if only the mass density is considered.
For this reason, the molar volume at 1873 K (1600°C) is plotted in Figure 3 vs x 
B
Al . For some alloys, this temperature lies outside the measured temperature range, due to the aforementioned temperature range boundaries. For these alloys, the density is extrapolated by Eq. [2] . This is marked in Figure 3 by hollow or semi-hollow symbols. The precise location of the phase boundaries is not crucial in this context, as the properties of the stable (or metastable) liquid are of primary interest.
As can be seen from Figure 3 , the molar volume, V, generally increases with an increasing mole fraction of respective mean values of the pure elements, x B Al , from 11.54 to 12.92 cm 3 mol À1 . Starting on the left side in Figure 3 , there seems to the tendency that V slightly decreases for x B Al < 40 at. pct. However, this tendency is beyond the scatter of the experimental data. Therefore, V can be regarded as practically constant at %11. 
B. Surface Tension
Surface tension data of the liquid pure elements is plotted vs temperature in Figure 4 for Al and in The methods and references are specified in the fourth and fifth column and the method key can be found in Table III . Figure 5 for Ti. In the case of Al, the data shown are published by us previously. [24, 33] The experimentally obtained values of c(T) follow linear laws and hence, can be fitted by Eq. [7] .
In the case of pure Ti, the solid squares shown in Figure 5 represent three individual measurements which are combined to a single curve. For each of these measurements, the obtained fit parameters c L and c T are shown in Table IV . From these, arithmetic averages are formed which are shown in Table IV À4 N m À1 K À1 and hence, within a relative margin of ±58 pct. Generally, it is observed that the deviations in c T are in the range of up to 58 pct, which is larger than the deviations in the surface tension, c. This is for essentially the same reasons as the increased scatter in q T . For comparison, Figure 5 and Table VIII also show surface tension data of liquid Ti, or their linear representations, as obtained in literature. Excellent agreement is obviously obtained with the data published by Paradis [53] who measured c in electrostatic levitation. Figure 4 shows two sets of experimental surface tension data of liquid Al. The hollow circles represent data that have been measured by Kolland, [35] whereas no particular attention was paid to the oxygen partial pressure. It has been concluded in Reference 35 that this result corresponds to a case where the surface contains a significant amount of dissolved oxygen. Fitting Eq. [7] to this data yields c L = 0.87 N m À1 and c T = À1. 46 9 10 À4 N m À1 K À1 . This is roughly 5 pct larger than data reported by Molina [54] for an oxygen saturated liquid surface, see Figure 4 .
The solid squares in Figure 4 represent the measurement of Kobatake [37] where the oxygen partial pressure was controlled (10 À1 Pa) using an oxygen sensing and control system. The obtained curve is in good agreement with the results of Molina who presented in his study [54] also surface tension data for an oxygen-free Al surface. In Figure 4 , the results of Kobatake even overestimate the data of Molina slightly. Fitting Eq. [7] to the data of Kobatake [37] yields c L = 0.98 N m À1 and c T = À2.71 9 10 À4 N m À1 K À1 . For Al, the parameters c L and c T are listed in Table IV . Detailed discussions of the surface tension of liquid Al are further presented in References 35 and 37. Figure 6 shows plots of c vs. temperature for the liquid alloy samples. For the sake of completeness and in order to be able to make visual comparisons, figure also shows the data for pure Ti and representations of the data of pure Al taken from References 35,37.
The Al-mole fraction, x B Al , ranges from 0 to 100 at. pct in Figure 6 . Each measurement is carried out over a broad temperature range of 100 K to 250 K (À173°C to À23°C), including up to 200 K (À73°C) undercooling below the corresponding liquidus temperature. Corresponding to the density, surface tension measurements are restricted by the same temperature range boundaries.
For all compositions, it is found again that c linearly declines with temperature. Moreover, c changes gradually with x B Al and exhibits an increase from the lowest values for pure Al, to the highest c for pure Ti.
The individual fits of Eq. [7] are shown in Figure 6 by the solid lines. The obtained values of c L and c T are listed in Table V for the alloy system, together with the corresponding liquidus temperatures T L .
As shown in Table V , the values of c L change gradually with increasing x B Al . For multiple data of the same alloys, the observed scatter for c L and c T ranges in the same order of magnitude as for the pure elements. In particular, for c T , the margin for all compositions is around 55 pct. That agrees well with the magnitude of variation among the c T data of each compositions of 20 to 60 pct. Hence, it is justified to claim that, with respect to the experimental accuracy of the data, c T is essentially constant, with a mean value of [À2.51(±1.37)] 9 10 À4 N m À1 K À1 . In addition, Tables IV and V show the isothermal surface tension calculated from Eq. [7] at T = 1950 K (1677°C), chosen from the middle of the total range of temperatures covered by the experiments. As can be seen from Tables, c[ The circles denote data measured by Kolland [35] and the squares data measured by Kobatake [36] under oxygen-reduced conditions. The solid and the dashed-dotted lines represent corresponding fits to this data. For comparison, representations of the surface tension data of Molina [54] are shown by the dashed and dotted lines. . The long-dashed line represents our previous results determined in EML [27] and the results obtained by Paradis [53] using electrostatic levitation are represented by the dashed-double-dotted line. [24, 35] and measured surface tension of liquid Al-Ti (symbols) and their linear fits (lines) in dependence of temperature, T, following Eq. [8] . The inset shows a magnified portion of figure for Al-mole fractions x 
Table VIII. Compilation of Surface Tension Values c L and c T and the Corresponding References and Methods for Liquid Titanium
c L (10 À4 N m À1 K À1 ) c T (10 À4 N m À1 K À1 ) T [K (°C)]
IV. DISCUSSION

A. Density
In addition to the experimental data, the calculated ideal molar volumes, V ideal , at T = 1873 K (1600°C), are plotted vs. the bulk Al concentration in Figure 3 . Accordingly, the molar volumes of the pure components used for the calculation are assessed from the averaged density values at T = 1950 K, with q Al ¼ 2:09 g cm However, the fit of first order reproduces the data and its trend more accurately. Thus, we suggest, in the case of binary Al-Ti, two fit parameters, 0 V and 1 V, are needed to describe the excess molar volume. This is in accordance with other binary Ti-containing systems, where two fit parameters are used to fit the data qualitatively and quantitatively well; for example, in the case of Cu-Ti. [26, 27] However, a positive excess volume has been found in the case of Cu-Ti. Negative excess molar volumes have been found in other Al-containing systems such as Al-Fe, [28] Al-Ag, [30] Al-Cu, [20] and Al-Ni [28] ; hence, the results are in good agreement with literature data, for example, with the investigations by Peng et al. for the Al-Au system. [34] Density measurements and molecular dynamics (MD) simulations in that system suggest that the nonideal mixing behavior occurs due to the apparent decreasing atomic radii of the Al atoms. This leads to a shrunken close packing, especially of the Al-Al pairs. [34] Taking this into account, similar processes in the Al-Ti system are likely, but further investigations, e.g., MD simulations, experiments with neutron or X-ray scattering are required to confirm this. Al % 60 À 70at. pct: Accordingly, the maximum negative excess molar volumes decrease with increasing temperatures, while their values also shift to higher Al concentrations. This shift indicates that a more efficient packing and interaction occur for lower temperatures, as pronounced atomic mobility and dynamics at higher temperatures suppress those interactions and entropy becomes dominant.
B. The Role of Oxygen
Due to high affinity of oxygen to both elements, Al and Ti, the impact of potentially existing traces of oxygen on the surface tension needs to be discussed.
In the case of pure liquid Al, the effect is demonstrated in Figure 4 . In the case of Kobatake's measurement, the oxygen partial pressure in the chamber p [21] ; surface tension values calculated with the Butler model [39] for subregular solutions with ideal (dotted line) and nonideal mixing behavior (dashed line) and the Chatain model [44, 45] for subregular solutions (solid line), as described in the text.
was adjusted at roughly 10 À1 Pa. This is far above the equilibrium partial pressure, 10 À25 Pa, for Al 2 O 3 formation. [55] However, it has been argued by Eustathopolous [56] that the evaporation of volatile Al 2 O effectively lowers the oxygen partial pressure p S O 2 in the vicinity of the surface. This can be described by the following equation:
where K is the equilibrium constant of the reaction; D O and D Ox indicate the diffusion coefficients of oxygen and the oxide in the vapor, respectively. In the case of pure Al, the effective partial pressure of the sample, p
, can be estimated as 10 À26 Pa, which is well below the equilibrium pressure and the surface tension measured by Kobatake for liquid Al can be regarded as reliable.
In the case of pure Ti, the situation is more complicated. A detailed thermodynamic analysis on oxygen in liquid Ti performed by Belyanchikov [57] shows that there are no volatile oxides in this system. Ti can reduce liquid Al and consequently capture all oxygen from Al if, as in the present work, liquid Al-Ti is investigated. Belyanchikov [57] furthermore showed that Ti can practically not be reduced by any of the strongest deoxidizers known, i.e., Ba, Be, Ca, Ce, Hf, La, Mg, Sr, Zr, and Fe. The oxygen content of one of the solidified Ti samples was determined in a LECO analysis after the levitation run. It was found that its oxygen concentration was approx. 0.15 pct. This value agrees with the maximum solubility of oxygen in liquid Ti predicted by Belyanchikov [57] under the assumption that Ti is in contact with an oxide.
On the other hand, Paradis argued in his work that his surface tension data on pure and oxygen-free liquid Ti should be correct, because pronounced evaporation of liquid Ti might induce a self-purification process of the sample. [53] It is evident that both datasets of the surface tension of liquid Ti, the one of Paradis and of the present work, belong to the highest values obtained in Figure 5 . Most of the other data, including the one measured by Amore, [27] Table VII . The fit is in good agreement with the data and lies within the error bars for all Al concentrations. Generally, the fit follows the curvature of the data, except for 10 at. pct < x B Al < 30 at. pct, where it does not reproduce the kink and slightly overestimates the surface tension.
The model for an ideal solution, following Eq. [15] , exhibits a concave shape, with its highest values for pure Ti and lowest values for pure Al. The model does not reproduce the data qualitatively and underestimates the values for all alloys except for Al 90 Ti 10 . Hence, the model fails to describe the data correctly and Al-Ti does not show ideal solution behavior, analogously to density, excess free energy, and other Al-and Ti-based alloys.
A far better agreement is obtained for the calculations by the Butler model, Eq. [9] with the temperature-dependent interaction parameters, m L Al,Ti (T), listed in Table VII and Chatain model [44, 45] for subregular nonideal solutions. The surface tension and its concentration dependence are predicted qualitatively with both models, showing positive excess values, regarding the ideal solution. The Butler model shows a good agreement, in particular for 25 at. pct ‡ x B Al ‡ 50 at. pct. In this interval, the model follows the curvature of the data and lies within all error bars. Nevertheless, for 25 at. pct < x B Al < 50 at. pct the Butler model underestimates the data by 5 to 16 pct and does not reproduce the kink, shown by the data for those concentrations. On the other hand, the calculations of the Chatain model [44, 45] reproduce the kink for an Al concentration around 25 to 50 at. pct, but overestimate c[T = 1950 K (1677°C)] for 40 at. pct < x B Al < 70 at. pct by 5 to 12 pct. Although the Chatain model lies within the error bars for Al concentrations greater than 70 at. pct, the model predicts a negative kink in this interval, while the data follows a minor a positive kink.
Overall, it is suggested that the Butler model for nonideal solutions reproduces the data most accurately in the Al-Ti system. Usually, the ideal solution fails to predict experimental data correctly, as for most systems, the excess free energy, E G 6 ¼ 0. For ideal solutions, only the surface segregation of the surface active component is taken into account, e.g., Al in the case of Al-Ti but other interatomic effects are neglected. Surface segregation can be understood as a process of energy minimization, in order to minimize the energy of the system, G tot , the component with the smaller surface tension becomes enriched in the surface layer. For alloys with E G > 0, the surface segregation becomes enhanced, while for alloys with E G < 0, the surface segregation of Al is suppressed, due to interatomic attractions. The latter is found for many Al-systems, such as Al-Cu, Al-Ni, Al-Fe, and Al-Au, as reported by Brillo et al. [24] and leads to an increased surface tension, compared to the ideal system, as in the case of Al-Ti.
The suppressed Al surface segregation of the nonideal solution, in comparison with the ideal solution, is also calculated with the Butler model [39] for a monolayer, and the Chatain model [44, 45] for multiple layers, displayed in Figure 9 . Here, the Al content of the surface is plotted against the Al content of the bulk. For all models, a general Al segregation is evident in an enriched Al content in the surface vs. the bulk. Compared to the ideal solution, for x B Al £ 60 at. pct, the concentration of the top layer is relatively depleted by Al, by up to 40 pct for the Butler model and up to 60 pct for the Chatain model. For Al concentrations higher than 60 at. pct for the Butler model, and 80 at. pct for the Chatain model, no further suppression of the segregation is predicted by the models.
As can be seen in Figures 9 and 10 , the Chatain model gives highly fluctuating values of Al enrichment and depletion for the uppermost layers. Figure 10 shows the concentration, x Al (n), of each layer plotted against the layer number, n, for Al 50 Au 50 , at T = 1700 K (1427°C) and T = 1950 K (1677°C). While, with respect to the bulk, the first layer exhibits an enrichment of Al of around 25 pct, the second layer shows a depletion of Al of around 10 pct. This oscillating behavior continues for both temperatures in figure, until, in the layer, n = 6, the bulk composition is reached. Such concentration oscillations are called chemical layering. In this mechanism, the segregation of one component to the surface leads to an excess of the other component in the following layer. Due to the negative excess free energy, the other component is then favored in the second layer. Chemical layering has been observed in several systems with negative excess free energy, for example, in the cases of Al-Ni, [29] Al-Cu, [31] and Al-Au. [35] For T = 1700 K (1427°C), the chemical layering is slightly more pronounced than for T = 1950 K (1677°C), due to the minor atomic dynamics at low temperatures and, thus, enhanced interactions between atoms.
The values for the temperature coefficient, c T , experimentally obtained, and the values calculated by the Chatain and Butler model, are plotted in Figure 11 . As c T was assumed to be constant, with a mean value of À2.51 (±1.37) 9 10 À4 N m À1 K À1 , the Butler model, with a mean value of À2.14 (±0.89) 9 10 À4 N m À1 K À1 , is, regarding the temperature coefficient, also in better agreement with the data than the Chatain model with a mean value of À1.50 (±0.21) 9 10 À4 N m À1 K À1 . Starting on the left side in Figure 11 , there appears to be the tendency for c T to slightly decrease for x B Al < 40 at. pct and increases for higher Al concentrations, which corresponds to the Butler model. However, this tendency is beyond the scatter of the experimental data.
The measured values and the values calculated from the Chatain and Butler model of the excess surface tension, c E , using Eq. [18] , evaluated at a fixed temperature, T = 1950 K (1677°C), are shown in Figure 12 . The corresponding fit parameters, 0 u i,j and 1 u i,j , for the excess surface tension of the measured data are listed in Table VII . The highest excess surface tension is found for x B Al £ 40 at. pct, which amounts to 0.28 N m À1 , while for higher Al concentrations, the excess surface tension is significantly smaller, at around 0.1 N m À1 . As seen in Figure 7 , both models are in good agreement with the surface tension, and the excess surface tension data, respectively. The Butler model underestimates the data, especially for x In Figure 13 , the isothermal surface tension data of the binary Al-Ti system, at T = 1950 K (1677°C), and literature surface data of pure Titanium and, some industrially used, multicomponent alloys at equivalent temperatures, are plotted vs the Al concentration. As mentioned above, multicomponent alloys on the basis of Al-Ti are of particular technical importance, while data on their properties are sparse. As can be seen in Figure 13 , the surface tension data of the binary system and the multicomponent alloys are in good agreement with deviations up to 10 pct, in the case of Al 6 Ti 90 V 4 , reported by Egry et al. [58] Those deviations lie within the same range of order as the relative uncertainties for the [39] and by Chatain [44, 45] (solid lines) for different layers, where layer ''1'' denotes the layer at the surface. The layer numbers increase with their distance to the surface. data of the pure, e.g., 8 pct for Ti, and binary components, e.g., 24 pct for Al 80 Ti 20 , reported by Novacovic et al. [25] and in the present work. Therefore, the data that are presented in the present work do not only fill the database for thermophysical properties of binary Al-Ti alloys, but also established a good starting point for investigations and processing of industrially used Al-Ti-based alloys with multiple components.
Oxygen adsorption at the surface of the sample can produce a reduction in the surface tension. The electromagnetic levitation technique is a generally clean method which avoids contact between the liquid alloy and a container. Although it does not avoid contact with the gas phase, an oxygen-reduced sample surface can still be achieved as discussed above. For the surface tension of pure Ti, no comparable results for measurements under oxygen-reduced atmosphere are available. Anyhow, the mean value of the surface tension value for pure Ti of this work is higher than the mean value of the cited literature data. That indicates that our measurements are averagely and comparatively less affected by oxygen impurities.
For future works, an extend study on the dependence of the surface tension on the oxygen partial pressure of Al-Ti alloys would be of great value and interest. Such a study is presently being carried out by us. Al at T = 1700 K (1477°C) (triangles) and T = 1950 K (1677°C) (squares) using the nonideal subregular solution model by Chatain [44, 45] for different layers, where the layer numbers increase with their distance to the surface. [39] (dashed line) and by Chatain [44, 45] (solid line). The symbols show the extrapolated measured surface tension data substracted by the calculated surface tension values of the Butler [39] (squares) and Chatain [44, 45] (triangles) model for ideal subregular solutions. The lines represent excess surface tension c E , (Eq. [20] ), values calculated as the difference between the Butler (dashed line) and Chatain (solid line) model for ideal and nonideal subregular solutions. [20] Allen, [21] Amore, [27] Arkhipkin, [16] Paradis, [17, 52] Kuppermann, [23] Man, [19] Nowak, [59] Novakovic, [25] and Egry. [1, 58] V. SUMMARY Density and surface tension of binary Al-Ti-alloys are measured over a broad temperature and composition range. It is found that, for all compositions, the density and surface tensions increase linearly upon decreasing temperatures. The data are analyzed concerning the temperature coefficients, excess molar volume, excess surface tension, and surface segregation. Generally, Al-Ti is a highly nonideal system. Significantly highly negative values are found for the excess molar volume, which is in good agreement with other binary Ti-containing systems. Referring to the Al-Au system, [34] shrunk Al radii are suggested to mainly trigger that mechanism, but further investigations are needed to verify this hypothesis.
Concerning the surface tension, a highly nonideal behavior could also be observed, with positive values for the excess surface tension. The results correspond well with the predictions of the Butler [39] and the Chatain model [44, 45] for nonideal solutions with excess free energy, E G " 0. For nonideal solutions, the models not only take the surface segregation of the surface active component, Al, into account, but also the suppression of the latter, due to interatomic attractions. Both mechanisms can be distinguished in the Al-Ti-system, coinciding with other Al-systems, reported by Brillo. [24] Overall, the nonideal behavior for all investigated properties of the Al-Ti-system is more distinct for relatively low temperatures, due to the minor atomic dynamics and thus, enhanced interactions between atoms.
Multicomponent Al-Ti-based alloys-rather than binary Al-Ti-alloys-are of primary interest for various high-temperature applications; however, data on their properties are sparse. Before investigating partly highly complicated multicomponent systems, it is an useful if not necessary approach to start with measurement in the binary system. In this work, we could show that the data of the binary and multiple component systems are in very good agreement ( Figure 13 ). Therefore, we suggest that the data of the binary Al-Ti-system, presented in this work, is not only interesting as fundamental research results, but may also be sufficient for many applications with multicomponent Al-Ti-alloys.
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